Ytterbium and yttrium complexes of octadentate ligands based on 1,4,7,10-tetraazacyclododecane with a coordinated pyridyl group and either tricarboxylate (L 1 ) or triphosphinate (L 2 ) donors form twisted square antiprismatic structures. The former crystallises in the centrosymmetric group, P21/c, with the two molecules related by an inversion centre, whereas the latter was found as an unusual kryptoracemate in the chiral space group, P21. Pure shift NMR and EXSY spectroscopy allowed the dynam- 
INTRODUCTION
Polyaza macrocyclic ligands with eight or nine donor atoms are known to form kinetically stable complexes with rare earth elements. 1, 2 Over the past 30 years, they have found use in analytical, biochemical and clinical applications, ranging from the widespread adoption of gadolinium contrast agents in magnetic resonance imaging, 3 to their role in radioimmunotherapy and radioscintigraphy using complexes or conjugates labelled with 90 Y, 153 Sm, 149 Tb or 177 Lu. 4 In each of these cases, premature release of the metal ion must be avoided at all costs -both the free ligands and the lanthanide ions are toxic.
In recent work examining the scope and utility of paramagnetic metal complexes in magnetic resonance shift imaging, examples of temperature probes based on complexes of Fe(II), Co(II) or lanthanide(III) ions have been described. 5, [6] [7] [8] [9] [10] [11] [12] A key property of these complexes is that the chemical shift of a reporter nucleus in the ligand gives information not only about its position relative to the paramagnetic ion, but also about local temperature. [5] [6] [7] [8] [9] [10] [11] [12] By careful ligand design, the chemical shift of a given reporter nucleus can also be made to report local pH simultaneously, [13] [14] [15] or indeed pM or pX, in the general cases, 16 provided that care is taken to design the coordinating ligand rationally.
A key design objective is to create a metal complex that exists as one preferred stereoisomer that is conformationally rigid on the NMR timescale, so that exchange broadening is minimised. Strategies that lead to preferential formation of one solution isomer, or slow down intramolecular motion, have been considered before. 17 For example, the series of octadentate ligands based on mono-substituted triphosphinate derivatives of 1,4,7,10-tetra-azacyclododecane (i.e. cyclen or 12-N4) have been studied in detail. [18] [19] [20] Preferred formation of one relatively rigid isomer (out of 32 possible isomers) was established back in 1995, 18 and the reasons for this selectivity can be Very recently, the later lanthanide (Tb, Dy, Ho, Er, Tm) complexes have been created of such ligands, substituted with a "reporter" t-butyl group located just over 6 Å away 
RESULTS AND DISCUSSION
The ligands L 1-3 and their complexes were prepared using previously reported methods. 19 The torsion angles in the four NCCN chelate rings associated with the 12-N4 ligand are of the same sign in each case, defining the  configurations reported in Tables 2   and 3 . Similarly, NCCNpy and NCCO torsion angles define the  configuration ( is equivalent to P helicity). The smaller twist angle of the "twisted" square-antiprism, ( 
DFT Studies
The relative free energies of the possible isomeric yttrium complexes of [Y.L 2 ] were computed using DFT methods. In gas phase geometry optimisations, the two lowest energy structures found (Table 5) were the square anti-prismatic (RRR)-) and the twisted square anti-prismatic (RRR)- isomers. The other two diastereomers with an (RRR)- configuration were about 20 kcal/mol higher in energy, reflecting the destabilisation of the overall structure as a result of unfavourable steric interactions involving the P-methyl groups, pointing towards the 12-N4 ligand, with the more exposed phosphorus oxygen groups. culations is of the order of a few kcal/mol, 30 and so several isomeric complexes may be expected to be observed in solution by NMR spectroscopic methods.
Solution NMR of yttrium(III) complexes: static and dynamic analysis
1 H and 31 P NMR spectra were analysed for the diamagnetic yttrium(III) complexes prior to the examination of the ytterbium(III) complexes, whose structure had been determined by X-ray crystallography. (Figure 4 ). Through-space NOE correlations were observed between H4 and H3, out-of-phase with the diagonal, due to the close proximity of these two protons. Evidence for exchange was observed between the singlets at 8.92 (H6, minor) and 8.60 (H6, major), doublets at 7.97 (H4 major) and 7.91 (H4 minor), and doublets at 7.35 (H3 major) and 7.30 (H3 minor), (Figure 5 Exchange spectroscopy (EXSY) calculations were performed using the MestreNova EXSYCalc programme, using the data obtained from two EXSY spectra, one with a mixing time of zero ms and another with a mixing time of 300 ms. The rate of exchange between the minor and the major isomer was of the order of 1.1 to 1.4 s -1 . The reverse rates were slower, and fell in the range 0.17 to 0.23 s -1 , (Table 5) . Simultaneous assignment and fitting of the proton and phosphorus paramagnetic shifts to the susceptibility tensor was carried out using the DFT optimized structures of (RRR)-Λ-(λλλλ) conformers (ESI : Table S8) (Table 6 ). (Table S5) is mainly defined by β angle of the susceptibility tensor (Table 6 ). The difference in the orientation of the PCS field is also responsible for the interchange in the order of the paramagnetic shifts observed in NMR (Figure 4 ).
SUMMARY AND CONCLUSIONS
The lanthanide(III) complexes of L 2 are prototypical examples of PARASHIFT NMR contrast agents that are being developed for use in magnetic resonance spectral imaging in vivo. Understanding their structure and solution dynamics is an important part of appreciating why they behave so well for this role.
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The twisted square anti-prismatic lanthanide complexes of L 2 exist as two isomers Electrospray mass spectra were obtained on a TQD mass spectrometer equipped with an Acquity UPLC system, an electrospray ion source and an Acquity photodiode array detector (Waters Ltd., UK). Accurate masses were recorded on an LCT Premier XE mass spectrometer or a QToF Premier Mass spectrometer, both equipped with an Acquity UPLC, a lock-mass electrospray ion source and an Acquity photodiode array detector (Waters Ltd., UK). Methanol was used as the carrier solvent.
Electronic structure theory
Initial geometry optimization was done using BP86 37 exchange-correlation functional followed by re-optimization and thermochemical analysis with M06-2X. 38 Solvent effects were included using the SMD model (water). 39 All calculations used cc-pVDZ 40 basis set with Stuttgart ECP 41 on the lanthanide. D3 dispersion correction was used to account for weak interactions. 42 The resolution of identity approximation with the corresponding auxiliary basis sets was used to speed up the calculations. 43 DFT calculations were carried out with the Gaussian09. 44 Magnetic susceptibility tensors were computed in MOLCAS 8.0 45 using CASSCF method 46 and relativistic ANO-RCC-VDZP basis set 47 . Spin-orbit coupling of 7
spin-free states of 4f 13 configuration has been taken into account in RASSI module 48 followed by SINGLE_ANISO calculation of the magnetic susceptibility tensors.
Fitting of the paramagnetic shifts to the magnetic susceptibility tensors was carried out in Spinach 1.9 package 49 . Fermi contact terms were assumed to be negligible for all protons and phosphorous atoms. Point model for pseudocontact shift (PCS) has been used for all simulations 50 . Eigenvalues of the fitted susceptibility tensors were ordered to satisfy | |<| |<| |, then axiality was computed as 3/2 and rhombicity as ( -)/2. With this definition, the ratio between the rhombicity and the axiality falls between 0 and 1/3, the former yielding a dz2 orbital like spatial profile and the latter yielding a dyz orbital like spatial profile. ZYZ convention was used for the Euler angles.
Characterisation
The synthesis of the ligands L 1-3 and the method of preparation of their lanthanide(III) and yttrium complexes has been reported earlier. 
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Eight-coordinate ytterbium complexes with a bound pyridine group adopt a twisted square antiprismatic coordination geometry; the orientation of the pseudocontact shift field is mainly defined by the β angle of the magnetic susceptibility tensor.
